Mitochondrial oxidative damage is a basic mechanism of aging, and multiple studies demonstrate that this process is attenuated by calorie restriction (CR). However, the molecular mechanism that underlies the beneficial effect of CR on mitochondrial dysfunction is unclear. Here, we investigated in mice the mechanisms underlying CRmediated protection against hypoxia in aged kidney, with a special focus on the role of the NAD-dependent deacetylase sirtuin 1 (Sirt1), which is linked to CR-related longevity in model organisms, on mitochondrial autophagy. Adult-onset and long-term CR in mice promoted increased Sirt1 expression in aged kidney and attenuated hypoxia-associated mitochondrial and renal damage by enhancing BCL2/adenovirus E1B 19-kDa interacting protein 3-dependent (Bnip3-dependent) autophagy. Culture of primary renal proximal tubular cells (PTCs) in serum from CR mice promoted Sirt1-mediated forkhead box O3 (Foxo3) deacetylation. This activity was essential for expression of Bnip3 and p27Kip1 and for subsequent autophagy and cell survival of PTCs under hypoxia. Furthermore, the kidneys of aged Sirt1 +/-mice were resistant to CR-mediated improvement in the accumulation of damaged mitochondria under hypoxia. These data highlight the role of the Sirt1-Foxo3 axis in cellular adaptation to hypoxia, delineate a molecular mechanism of the CR-mediated antiaging effect, and could potentially direct the design of new therapies for age-and hypoxia-related tissue damage.
Introduction
Increasing age causes progressive postmaturational deterioration of tissues and organs, leading to impairment of tissue functioning, increased vulnerability to challenges, and death. The kidney is a typical target organ of age-associated tissue damage, and the increased incidence of chronic kidney disease (CKD) in the elderly is a health problem worldwide (1) (2) (3) . However, there is little or no information on the mechanisms underlying age-associated kidney damage. Thus, studies designed to determine such molecular mechanisms could help formulate interventions that delay the onset and/or progression of CKD in elderly patients.
Among the several proposed theories on the pathogenesis of ageassociated tissue damage, the mitochondrial ROS theory provides the basic mechanism of age-associated tissue dysfunction (4, 5) : that age-dependent alteration in mitochondrial DNA (mtDNA) plays a fundamental role in the age-associated increase in ROS and subsequent tissue damage (6, 7) . Further evidence linking alterations in mtDNA with progressive age-dependent tissue dysfunction can be found in individuals with mitochondrial genetic diseases and mice with deletion mutation of mtDNA, which display a phenotype that resembles premature aging, including kidney dysfunction (8, 9) . Hypoxia is the cause of age-associated mitochondrial dysfunction (10) and is involved in age-dependent tissue damage affecting the brain (11) , heart (12) , and kidney (13) . Furthermore, hypoxia modulates various cellular processes, such as apoptosis, cell cycle, autophagy, and glucose metabolism (14, 15) . Elderly individuals suffer impairment of adaptation to systemic hypoxemia (16, 17) ; however, the molecular changes involved in age-associated cellular maladaptation to hypoxia are poorly understood.
Calorie restriction (CR) has various beneficial effects on health, including lifespan prolongation (18, 19) . One mechanism of the beneficial effects of CR is attenuation of mitochondrial dysfunction in various pathological conditions (20, 21) . Moreover, CR is suggested to affect cell adaptation to hypoxia (22) , although the molecular mechanism of this effect remains elusive. In this context, uncovering the mechanism underlying CR-mediated attenuation of age-associated cellular and mitochondrial damage under hypoxia should contribute to the development of new therapies for age-associated tissue damage.
Studies on the mechanisms of CR-related longevity have identified the silent information regulator 2 (Sir2) as a survival factor that prolongs lifespan (23, 24) . Sirt1, a mammalian homolog of Sir2, was originally identified as an NAD-dependent histone deacetylase (25) . Recent studies have shown that Sirt1 is involved in the regulation of a wide variety of cellular processes, ranging from stress response, cell cycle, metabolism, and apoptosis in response to the cellular energy and redox status, through its deacetylase activity for more than 2 dozen known substrates (26) . Thus, although Sirt1 is linked to CR-related longevity in model organisms (23, 24) , the mechanism by which it extends lifespan in mammals and its role in age- or hypoxiaassociated tissue damage remains unclear.
In the present study, we examined the mechanism of CR-related mitochondrial and cellular protection against hypoxia in aged mouse kidney, with a special focus on the role of Sirt1 on mitochondrial autophagy. The study identified a role for Sirt1 on cell adaptation to hypoxia, which provides what we believe to be a new molecular finding in CR-mediated antiaging effects, and shed light on the design of new therapies for age-related tissue damage including aged kidney.
Results

CR attenuates mitochondrial oxidative damage in aged kidney. First, we
investigated whether adult-onset, long-term CR attenuates kidney damage and oxidative stress in aged mice. (Hereafter, unless otherwise indicated, young refers to mice 3 months of age and aged to mice 24 months of age.) During the 12-month experimental period, 3 aged mice of the ad libitum-fed (AL) group died as a result of malignancy and liver cirrhosis, whereas a single mouse of the CR group died as a result of malignancy (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI41376DS1). Significant differences were noted in various systemic metabolic parameters between the CR and AL mice (Supplemental Table 1 ). CR significantly inhibited age-associated increases in the renal dysfunction marker serum cystatin C, 24-hour urinary albumin excretion, and fibrotic changes in glomerular and interstitial lesions, with significantly reduced urinary excretion of the oxidative stress marker 8-OHdG (Figure 1 , A-E). Significant accumulation of 8-OHdG was observed especially in the cytoplasm of the proximal tubular cells (PTCs) of AL mice, which was significantly attenuated by CR (Figure 1, C and D) . In the kidneys of AL mice, accumulation of 8-OHdG in glomeruli was less than that in PTCs (Figure 1, C and D) . Age-dependent
Figure 1
Effect of CR on mitochondrial oxidative damage in aged kidney. Experiments were performed on young mice or on aged mice subjected to AL or 12 months of CR. (A and B) Serum cystatin C levels (A) and 24-hour urinary albumin excretion levels (B) at the end of the experimental period. (C) Azan-stained and 8-OHdG-immunostained kidney sections. Original magnification, ×200 (Azan, bottom); ×400 (Azan, top, and 8-OHdG). increases in 8-OHdG accumulation as well as the major deletion mutation D-17 and point mutations in mtDNA are markers of age-associated mtDNA oxidative damage (27, 28) . The age-associated mtDNA oxidative damages were significantly increased in the kidneys of AL mice and attenuated by CR (Figure 1, F-H) . The prevalence of D-17 correlated significantly with serum cystatin C levels ( Figure 1I ), which suggests that mtDNA oxidative damage is related to age-dependent kidney dysfunction. CR enhances autophagy in aged kidney. EM analysis showed accumulation of senescent mitochondria in PTCs of AL mice, which exhibited swelling and disintegration of cristae ( Figure 2A ). Under normal circumstances, damaged mitochondria are degraded by autophagy, an intracellular process that allows the degradation of damaged proteins and organelles (29) . In contrast to PTCs of AL mice, those of CR mice showed normal mitochondrial morphology with numerous auto(lyso)phagosomes (Figure 2A ). Moreover, kidneys of AL mice contained higher levels of sequestosome 1 (Sqstm1; Figure 2B ), a marker for in vivo impaired autophagy (30, 31) . Lipidation of microtubule-associated protein 1 light chain 3 alpha (LC3), as assessed by the ratio of LC3I to LC3II conversion, as well as LC3 dots, which are known markers of enhanced autophagy (32, 33) , were lower in AL mice than in CR mice (Figure 2 , B-D). Thus, impaired autophagy might cause age-dependent mitochondrial oxidative damage in the kidney, and enhancement of autophagy could explain the CR-mediated mitochondrial protection.
CR enhances hypoxia-induced expression of BCL2/adenovirus E1B 19-kDa interacting protein 3 in aged kidney. We next analyzed the mRNA expression levels of various molecules involved in auto(lyso)phagosome formation ( Figure 2E ). Overexpression of BCL2/adenovirus E1B 19-kDa interacting protein 3 (Bnip3) mRNA was detected in CR mice ( Figure 2E ), and this was confirmed by IB ( Figure 2B ). Because Bnip3 is an initiator of hypoxia-induced autophagy (15, 34, 35) , we examined the state of hypoxia and Bnip3 expression in the kidney. Pimonidazole + hypoxic cells were observed in PTCs of both AL and CR mice (Figure 2 , F and G). Bnip3 expression was significantly enhanced in hypoxia-positive PTCs of CR mice, but it was less noted in AL mice (Figure 2 , F and G). Bnip3 expression is positively regulated by certain transcriptional factors, including hypoxia-inducible factor 1 alpha (Hif1a) and forkhead box O3 (Foxo3) (15, 36) . Chromatin IP (ChIP) indicated that Hif1a bound to Bnip3 promoter in the kidneys of both AL and CR mice, but Foxo3 bound to Bnip3 promoter only in CR mice ( Figure 2H ). These results suggest that Foxo3-mediated Bnip3 overexpression should be a molecular target for CR-mediated enhancement of hypoxia-induced autophagy in the aged kidney.
CR enhances Sirt1 activity in aged kidney. Because Foxo3 transcriptional activity is regulated by Sirt1 under certain conditions (37), we checked Sirt1 activity and its interaction with Foxo3. The mRNA and protein expression levels of Sirt1 were significantly decreased in the kidneys of AL mice and enhanced by long-term CR ( Figure 3, A and B) . NAD content in AL mice significantly decreased compared with that of young mice, but this decrease was attenuated by CR ( Figure 3C ). IP analysis revealed that Sirt1 interacted with and deacetylated Foxo3 in the kidney of CR mice, but not in AL mice ( Figure 3D ). Thus, Sirt1 activity was decreased in the aged kidney and enhanced by long-term CR. Furthermore, Sirt1 mRNA expression levels correlated negatively with serum cystatin C levels and prevalence of D-17 ( Figure 3 , E and F), which suggests that Sirt1 is associated with age-associated kidney dysfunction and mitochondrial damage.
Foxo3 is essential for CR-mediated enhancement of hypoxia-induced Bnip3 expression and autophagy. To investigate whether CR-dependent
enhancement of hypoxia-induced Bnip3 expression and autophagy is reproducible in vitro, PTCs were incubated with serum from CR or AL rodents (20, 38, 39) , and then exposed to hypoxia (1% O 2 ) for 24 hours. We reproduced a clear enhancement of hypoxia-induced Bnip3 expression as well as autophagy, as determined by LC3II formation and LC3 dots, in CR serum compared with AL serum (Figure 4 , A-C). We confirmed that hypoxia failed to induce autophagy in Bnip3-knockdown cells (Supplemental Figure 1) , which suggests that Bnip3 is essential for hypoxia-induced autophagy in PTCs. The siRNA for Foxo3 significantly inhibited CR-mediated enhancement of hypoxia-induced Bnip3 expression and autophagy ( Figure 4 , A-C). However, Foxo3 deficiency failed to inhibit hypoxia-induced autophagy in Bnip3-overexpressing PTCs under CR serum (Figure 4 , D-F), which suggests that Foxo3 regulates hypoxia-induced autophagy through Bnip3 overexpression in CR serum. down-mediated inhibition of autophagy (Supplemental Figure 1) , which suggests that Sirt1 positively regulates CR-mediated enhancement of hypoxia-induced autophagy upstream of Bnip3.
Sirt1 is essential for CR-mediated enhancement of hypoxia-induced Bnip3 expression and autophagy. Retrovirally mediated Sirt1 knockdown
PI3K and Sirt1 regulate Foxo3 activity in the Bnip3 promoter. Since nuclear translocation of Foxo3 and its subsequent transcriptional activity are negatively regulated by PI3K-Akt-mediated phosphorylation (40), we next examined the role of PI3K and Sirt1 on Foxo3-mediated enhancement of hypoxia-induced Bnip3 expression in AL and CR serum. At the early stage of hypoxia (6 hours), Bnip3 expression was not detected in AL serum, whereas it was enhanced in CR serum ( Figure 6A ). At this stage, phosphorylated Foxo3 in AL serum showed cytoplasmic localization, and dephosphorylated Foxo3 in CR serum exhibited nuclear distribution ( Figure 6 , B and C). The PI3K inhibitor LY294002 in AL serum reversed phosphorylation of Foxo3 and enhanced its nuclear translocation ( Figure 6 , B and C). Because Sirt1 was localized in the nucleus in CR and AL serum ( Figure 6B ), we next investigated whether nuclear-translocated Foxo3 interacts with Sirt1. In AL serum, Foxo3 failed to interact with Sirt1 and was markedly acetylated even when it was translocated into the nucleus by LY294002 ( Figure 6D ). In contrast, under CR serum, nuclear Foxo3 interacted with Sirt1 and was deacetylated ( Figure 6D ). ChIP and IB revealed that acetylated PI3K and Sirt1 regulate Foxo3-mediated cell adaptation to hypoxia. Foxo3 is also recognized as a cell cycle regulator (G 1 arrest) through p27Kip1 expression (41) and as a proapoptotic factor through Bim expression (37, 42) in response to certain stress conditions. At the late phase (12-24 hours), hypoxia caused apoptosis in AL serum, as determined by cleavage of both poly(ADP-ribose) polymerase (PARP) and caspase 3 ( Figure 6A ). In contrast, hypoxia in CR serum enhanced p27Kip1 expression as well as autophagy with Bnip3 overexpression ( Figure 6A ). Thus, we next examined the role of interaction among PI3K, Sirt1, and Foxo3 on p27Kip1 expression, autophagy, and apoptosis in the late phase (24 hours) of hypoxia. Prolonged hypoxia in AL serum partially translocated Foxo3 to the nucleus, and this effect was blocked by N-acetyl-cysteine (NAC), an antioxidant molecule ( Figure 7, A and B) . NAC also inhibited hypoxia-mediated apoptosis in AL serum ( Figure 7B ). In contrast, LY294002 increased Foxo3 nuclear translocation and apoptosis ( Figure 7, A and B) . These results suggest that oxidative stress-mediated nuclear translocation of Foxo3 causes apoptosis under hypoxia in AL serum, which is inhibited by PI3K. In CR serum, Foxo3 was localized in the nucleus under both normoxia and hypoxia ( Figure 7, A and B) , and Bnip3-mediated autophagy was enhanced under hypoxia ( Figure 7, B and C) .
Similar to the results of early phase, nuclear Foxo3 failed to interact with Sirt1 and was markedly acetylated in AL serum, whereas it interacted with Sirt1 and was deacetylated in CR serum ( Figure  7D ). ChIP and IB showed that acetylated Foxo3 in AL serum failed to bind to both Bnip3 and p27Kip1 promoters, and bound to Bim promoter, in hypoxic PTCs ( Figure 7E ), which suppressed autophagy and p27Kip1 expression and increased apoptosis ( Figure 7 , B and C). LY294002 enhanced Foxo3 binding to Bim promoter under AL serum ( Figure 7E ). In contrast, deacetylated Foxo3 in CR serum bound to Bnip3 and p27Kip1 promoters, but not Bim promoters ( Figure 7E ), which mediated autophagy and p27Kip1 expression and suppressed apoptosis ( Figure 7 , B and C).
Retrovirally mediated Sirt1 knockdown in CR serum enhanced hypoxia-induced apoptosis and inhibited p27Kip1 expression and Bnip3-mediated autophagy (Figure 8, A and B) . We next examined the mechanisms of these actions. Sirt1 deficiency in CR serum enhanced acetylation of Foxo3 ( Figure 8C ). Acetylated Foxo3 failed to bind to both Bnip3 and p27Kip1 promoter and bound to Bim promoter ( Figure 8D ). In contrast, Sirt1 overexpression in AL serum with LY294002 augmented Bnip3-mediated autophagy and p27Kip1 expression, decreased apoptosis (Figure 8, E and F) , and increased Foxo3 binding to Bnip3 and p27Kip1 promoter (Figure 8G) . Under the same conditions, siRNA for Foxo3 suppressed Sirt1-mediated enhancement of Bnip3-mediated autophagy and p27Kip1 expression (Figure 8 , E and F), which suggests that Sirt1 promotes cellular adaptation to hypoxia through the regulation of transcriptional activity of Foxo3 to Bnip3, p27Kip1, and Bim.
CR fails to enhance cell adaptation to hypoxia in aged kidney of Sirt1 +/-mice. We provided in vivo evidence for the involvement of Sirt1 in CR-mediated cellular adaptation to hypoxia by using 12-monthold Sirt1 +/-mice on SV129 background under AL and CR for 6 months. The PTCs of 12-month-old WT mice showed normal mitochondrial morphology and little mitochondrial oxidative damage, together with substantial increases in autophagy and hypoxia-associated Bnip3 expression (Figure 9 , A-G). In contrast, Sirt1 +/-AL mice showed damaged mitochondria, higher levels of urinary 8-OHdG excretion, and higher prevalence of point mutation of mtDNA in the kidney; additionally, autophagy and Bnip3 expression in the hypoxic PTCs of Sirt1 +/-AL mice were significantly decreased. CR failed to enhance hypoxia-induced Bnip3 expression and autophagy (Figure 9 , D-G), which caused mitochondrial oxidative damage in the kidneys of Sirt1 +/-mice ( Figure 9 , A-C), although they showed the systemic phenotype of CR mice (Supplemental Table 2 ). These results suggest that Sirt1 in the kidney is essential for the CR-mediated enhancement of hypoxia-associated mitochondria oxidative damage in vivo. We also confirmed that the phenotypes of aged kidneys of 12-month-old WT, Sirt1 +/-AL, and Sirt1 +/-CR mice of C57BL/6 background were similar (Supplemental Figure 2, A and B) to those of mice of SV129 background ( Figure 9, A and D) , which suggests that the difference in genetic background does not affect the role of Sirt1 in hypoxia-associated mitochondrial damage and cellular adaptation in the kidney.
In the kidneys of WT mice, Foxo3 interacted with Sirt1 and was deacetylated, whereas its acetylation was enhanced in Sirt1 +/-mice with both AL and CR ( Figure 9H ). In agreement with the results of the in vitro study, deacetylated Foxo3 bound to Bnip3 and p27Kip1 promoters ( Figure 9I ), resulting in increased expression levels of these proteins in WT mice ( Figure 9D ). In contrast, acetylated Foxo3 in the kidneys of Sirt1 +/-AL and CR mice failed to bind Bnip3 and p27Kip1 promoters ( Figure 9I) , and their expressions subsequently decreased ( Figure 9D ). Furthermore, Foxo3 binding to Bim pro- Figure 9I ) and subsequent cleavage of caspase 3 ( Figure 9D ) were enhanced in the kidneys of Sirt1 +/-AL and CR mice. Finally, serum cystatin C levels were significantly higher in Sirt1 +/-AL mice, and were not attenuated by 6 months of CR ( Figure 9J ).
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Discussion
Our results provided the first evidence to our knowledge that longterm CR enhances autophagy with overexpression of Sirt1 in aged tissue of mammals and is a therapeutic target for age- and hypoxiaassociated tissue damage including aged kidney. In this study, we focused on Sirt1, a survival molecule under CR (23, 24, 43, 44) . Recent reports suggest that Sirt1 transgenic mice show a phenotype that resembles mice under CR (45) , and Sirt1 deficiency in mice failed to show lifespan prolongation under CR (46) . However, few studies have provided direct evidence for the involvement of Sirt1 in the pathogenesis of age-associated mitochondrial damage or in the mechanism underlying long-term CR-mediated mitochondrial protection. In the present study, Sirt1 expression was significantly decreased in aged kidney and was enhanced by long-term CR. Furthermore, the results showing acetylation state of Foxo3 emphasized the suppression of Sirt1 deacetylase activity in aged kidney and its enhancement by long-term CR. We believe we are the first to show that long-term CR can cause Sirt1 activation even in aged tissues.
The in vitro model of CR has been used to determine the effects of CR serum on cell proliferation (39) , apoptosis (38) , and mitochondria biogenesis (20) . Using this model, we showed that aging AL and CR serum affected hypoxia-induced autophagy through modification of the Sirt1-PI3K-Foxo3 axis. Sirt1 deficiency and enhanced PI3K during the aging process suppress both autophagy and cell cycle arrest even under hypoxic conditions, which results in accumulation of oxidative stress and subsequent apoptosis through acetylated Foxo3-mediated Bim expression ( Figure 10A ). In contrast, CR-mediated Sirt1 activation promotes cell adaptation to hypoxia through Bnip3-mediated autophagy and p27Kip1 expression via deacetylation of Foxo3 ( Figure 10B) . Furthermore, the results of in vivo study showing the effect of CR on age-associated kidney phenotypes in Sirt1 +/-mice were in agreement with this molecular mechanism. Our present results provide insight into the molecu-
Figure 9
Effect of CR on Foxo3-mediated cell adaptation in the kidneys of aged Sirt1 +/-mice. We examined 12-month-old WT mice, Sirt1 +/-AL mice, and Sirt1 +/-mice on CR for 6 months. lar mechanism of CR-mediated cell adaptation to age-associated hypoxia. Because stress-induced apoptosis and cell loss have been implicated in age-associated diseases (47), Sirt1 deficiency-mediated apoptosis should be involved in age-dependent kidney dysfunction through loss of PTCs, and Sirt1-mediated cell adaptation to hypoxia is essential for the CR-mediated kidney protection.
A recent study reported that Sirt1 regulates autophagy through deacetylation of certain molecules associated with autophagy under starvation, but not hypoxia (48) . However, how the autophagic machinery selectively destroys damaged mitochondria remains elusive. A study showed that Bnip3 selectively and positively regulates hypoxia-induced mitochondrial autophagy through the disruption of bcl2-beclin1 interaction (15) , suggesting that Sirt1-Foxo3 pathway-mediated Bnip3 overexpression may be the regulatory mechanism through which the autophagic machinery selectively destroys damaged mitochondria under hypoxia.
Nuclear translocation of Foxo3 is negatively regulated by PI3K-Akt-mediated phosphorylation (40) and positively by oxidative stress (37, 49) . Under AL serum, phosphorylated Foxo3 showed cytoplasmic distribution at the early phase of hypoxia, which suppressed hypoxia-induced autophagy and increased oxidative stress. In contrast, during the late phase of hypoxia under AL serum, Foxo3 translocated into the nucleus in response to oxidative stress, resulting in Foxo3-mediated apoptosis through Bim expression, and this process was enhanced by PI3K inhibition. Thus, under hypoxia in AL serum, the PI3K-Akt pathway plays a biphasic role, increasing mitochondrial oxidative stress through inhibition of autophagy and suppressing Foxo3-mediated apoptosis under oxidative stress. These findings are in agreement with the notion that acceleration of the insulin-PI3K-Akt pathway enhances the aging process (50), but has an antiapoptotic effect against hypoxia (51) and oxidative stress (40) . Furthermore, Sirt1 attenuated PI3K inhibition-mediated acceleration of apoptosis under AL serum, which suggests that Sirt1, rather than PI3K, plays a central role for cell survival in the aging process.
Foxo3 promotes resistance to certain stress (37, 52), whereas it promotes apoptosis under other stress (40) . However, how Foxo3 selects the exact target gene in response to a specific condition remains obscure. In this study, under CR serum, Foxo3 was deacetylated by Sirt1 and bound to p27Kip1 and Bnip3 promoter, resulting in cell adaptation to hypoxia. In contrast, acetylated Foxo3 enhanced hypoxia-related apoptosis through Bim overexpression under AL serum. A prior report suggested that Sirt1 regulates Foxo3 transcriptional activity under oxidative stress to promote cell survival (37) . In addition to this, our results provide further evidence that Sirt1-mediated deacetylation of Foxo3 is essential for cell survival and the mechanism by which Foxo3 selects a specific gene promoter.
The present study demonstrated that mitochondrial damage in aged kidney is associated with Sirt1 deficiency and that Sirt1 promotes cell adaptation to hypoxia through autophagy in aged kidney. Our results provide what we believe to be the first evidence that Sirt1, the PI3K-Akt pathway, and Foxo3 coordinately regulate age-dependent tissue dysfunction and autophagy in mammals, as previously reported in lower organisms (23, 24, 53, 54) . The reduced autophagy in the kidney may be involved in the age-associated weakness of PTCs against various renal toxicities, such as drug toxicity and proteinuria in glomerular diseases. Autophagy is currently the focus of research in various fields, such as aging (55), metabolic diseases (56, 57) , and immune diseases (58) . Our concept should be helpful in the design of studies aiming to further explore autophagy-related diseases and lead to the establishment of new therapies that can delay the progression of hypoxia- and age-related tissue dysfunction, including CKD in elderly patients.
Methods
Study approval. The Research Center for Animal Life Science of Shiga University of Medical Science approved all animal experiments.
Reagents and materials. Anti-LC3 and anti-Hif1a were purchased from NOVUS Biologicals. Anti-Sqstm1/p62 was from Progen. Anti-nucleoporine p62 was from BD Biosciences. Anti-beclin1, anti-p27Kip1, and antiBcl2 was from Santa Cruz Biotechnology Inc. Anti-Sirt1 was from Upstate Cell Signaling. Anti-GAPDH was from Chemicon. Anti-Bnip3, anti-pFoxo3 (Ser253), anti-Foxo3, anti-cleaved caspase 3, anti-PARP, and anti-acetyllysine were from Cell Signaling Technology. Anti-8OHdG was from Japan
Figure 10
Molecular mechanisms underlying CR-mediated cellular adaptation to hypoxia in aged kidney. (A) The normal aging process inhibits Sirt1 activity. During early-stage hypoxia, hypoxia fails to enhance nuclear translocation of Foxo3, subsequent autophagy, and cell cycle arrest, which increases mitochondrial oxidative damage (black lines). At late-phase hypoxia, hypoxia-associated oxidative stress activates nuclear translocation of acetylated Foxo3, which promotes apoptosis (red lines). (B) CR activates Sirt1 activity and nuclear translocation of Foxo3, which promotes autophagy and cell cycle arrest under hypoxia to maintain normal mitochondria function under hypoxia.
Institute for the Control of Aging. Hypoxyprobe-1 kit was obtained from Natural Pharmacia International Inc. Anti-β-actin, E64d, pepstatin A, LY294002, and NAC were from Sigma-Aldrich.
CR in aged mice. Experiments were performed essentially as described previously (59) . Male C57BL/6 mice were obtained from CLEA Japan. Six-week-old mice were maintained on a 12-hour light/12-hour dark cycle and provided food and water AL for 12 months. At 12 months of age, they were divided into 2 groups: AL and CR (n = 10 per group). During the following 12 months, mice of the CR group were fed an amount of food corresponding to 60% of the amount of food consumed by the AL group. Food consumption was measured every 2 weeks, and the results were used to calculate the daily food intake. Finally, the 24-month-old (aged) AL and CR mice and the 3-month-old (young) mice were sacrificed (60) .
CR in Sirt1 +/-mice. The Sirt1 -/-mouse strain on SV129 background were provided by F.W. Alt (Harvard University, Boston, Massachusetts; ref. 61) . Male Sirt1 +/-mice and their WT littermates were provided food and water AL for 6 months. At 6 months of age, they were divided into 3 groups - WT mice with AL (n = 6), Sirt1 +/-mice with AL (n = 10), and Sirt1 +/-mice with CR (n = 10) - and followed for the next 6 months. During the 6-month observation period, 1 WT mouse, 3 Sirt1 +/-mice with AL, and 3 Sirt1 +/-mice with CR died from neoplasia. Finally, at 12 months of age, we sacrificed 5 WT control mice, 7 Sirt1 +/-AL mice, and 7 Sirt1 +/-CR mice.
Serum cystatin C and urinary albumin level. Serum cystatin C was determined using Cystatin C (mouse) ELISA Kit (ALEXIS Biochemicals). Urinary albumin excretion was measured with a mouse-specific sandwich ELISA system (Albuwell; Exocell) and was expressed as the total amount excreted in 24 hours (60) .
Histopathological examination. For semiquantitative evaluation of the fibrotic and 8-OHdG scores, 20 randomly selected glomerulus or tubulointerstitial areas per mouse were graded in a double-blind manner, as reported previously (60) , with minor modifications.
Quantitative RT-PCR. Isolation of total RNA from kidney, and determination of cDNA synthesis by reverse transcription and quantitative real-time PCR were performed as described previously (60) . The sequences of the primers are provided in Supplemental Table 3 .
EM. Parts of the removed kidneys were cut into small tissue blocks (1 mm 3 ), and fixed in 2.0% glutaraldehyde and 2.0% paraformaldehyde with 0.1 mol/l phosphate buffer at 4°C. After fixation with 2% osmium tetroxide, tissues were dehydrated in a series of graded ethanol solutions, ethanol was substituted with propylene oxide, and then embedded in epoxy resin. Ultrathin sections were double-stained with uranyl acetate and lead. Sections were examined under a JEM1200EX EM (JOEL) at 80 kV.
Cells. Mouse renal PTCs were cultured as described previously (62) . Sera from aged AL and CR rats (60% of AL for 12 months) were obtained and used as described previously (20, 38, 39) . After 24 hours of starvation with serum-free DMEM, the cultured PTCs grown in the presence of serum from CR or AL animals for 6 hours were exposed to hypoxia (1% O2) under the indicated conditions.
Transient transfection of siRNA. siRNA for control and siRNA for Foxo3 were purchased from Ambion. Transient transfection of siRNA was performed using Lipofectamine 2000 (Invitrogen) (63) . Hypoxic studies were performed after 24 hours of siRNA transfection.
Plasmids and viral infection. For the production of retrovirus, full-length cDNA of mouse Bnip3 was amplified by PCR, subcloned into pCR-TOPO II vectors (Invitrogen), and inserted into pBABE vectors. pBABE-Sirt1, pSUPERsiSirt1, and pSUPER-siBnip3 were provided by L. Guarente (Massachusetts Institute of Technology, Cambridge; ref. 64 ) and by K. Inoki (University of Michigan, Ann Arbor). The indicated retrovirus vectors were generated and infected into cells as reported previously (63) . Adenovirus for Sirt1 was provided by T. Kitamura and T. Sasaki (Gunma University, Maebashi, Japan).
IP and IB. Homogenates of whole kidney and PTCs in lysis buffer con-
taining nicotinamide were mixed with Foxo3 antibody and followed by the addition of protein A/G-Sepharose. IP and IB were performed as described previously (63) .
In vitro autophagy assays. Autophagy was visualized in cultured PTCs by transfection of GFP-LC3 (cDNA of LC3 was provided by T. Yoshimori, Osaka University, Japan, and N. Mizushima, Tokyo Medical and Dental University, Japan; refs. 32, 33). To detect autophagy by Western blot analysis, the indicated cells were treated with E64d and pepstatin A to inhibit lysosomal enzyme activity (33) .
ChIP assay. The ChIP experiments on kidney samples or PTCs were performed using the ChIP-IT kit from Active Motif according to the instructions provided by the manufacturer. Primer sequences are listed in Supplemental Table 3 .
Immunofluorescent study. To detect hypoxic conditions in each group of mice, a chemical probe for hypoxia, pimonidazole (Belmont), was injected intraperitoneally 1 hour before sacrifice. For immunofluorescence staining, we incubated frozen kidney sections with antibodies against pimonidazole and Bnip3 or LC3. The cultured PTCs were fixed with acetone for 10 minutes and incubated with antibodies against Sirt1 and Foxo3 after blocking with 2% BSA in PBS, using the protocols described previously (63) .
8-OHdG levels, point mutation, and deletion mutation in mtDNA. The mtDNA was extracted from the kidney using the mtDNA Extractor CT kit (Wako). The 8-OHdG levels in DNase I-digested mtDNA were determined by ELISA (Japan Institute for the Control of Aging; ref. 65) . To determine the sequence of cytochrome b gene in mtDNA, we amplified its coding region with Pfu-ultra polymerase (Invitrogen) using the primers listed in Supplemental Table 3 . The PCR-amplified fragments were subcloned into TOPO TA cloning kit (Invitrogen) and sequenced with the M13 primer (65) . We assayed a common deletion mutation, D-17 (28) , in mtDNA using quantitative PCR with primers flanking the D-17 deletion and with template mtDNAs cut at an MluI site present in the region deleted in D-17 (65) . The sequences of primers for the normal and D-17-deleted cytochrome b gene are provided in Supplemental Table 3 .
NAD content. NAD content was determined using the NAD/NADH Quantitation Kit (BioVision) and the protocol supplied by the manufacturer.
Statistics. All values are expressed as mean ± SEM. Differences among multiple data sets were analyzed by 1- or 2-way ANOVA, followed by Scheffé's test. Statistical analyses of correlations were performed with the JMP program (version 5.0; SAS Institute Japan). The distribution of variables was analyzed by checking the data histograms, and normal distribution was tested by the Kolmogorov-Smirnov and Shapiro-Wilk tests. Pearson correlation coefficients were calculated to investigate the association among the indicated parameters. In all analyses, a P value less than 0.05 denoted the presence of a statistically significant difference.
